ABSTRACT: We introduce a non-contact approach to microprint multiple types of feeder cells in a microarray format using immiscible aqueous solutions of two biopolymers. Droplets of cell suspension in the denser aqueous phase are printed on a substrate residing within a bath of the immersion aqueous phase. Due to their affinity to the denser phase, cells remain localized within the drops and adhere to regions of the substrate underneath the drops. We show the utility of this technology for creating duplex heterocellular stem cell niches by printing two different support cell types on a gel surface and overlaying them with mouse embryonic stem cells (mESCs). As desired, the type of printed support cell spatially direct the fate of overlaid mESCs. Interestingly, we found that interspaced mESCs colonies on differentiation-inducing feeder cells show enhanced neuronal differentiation and give rise to dense networks of neurons. This cell printing technology provides unprecedented capabilities to efficiently identify the role of various feeder cells in guiding the fate of stem cells.
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Direct patterning of cells on gel substrates has been realized using the contact of cell-loaded solid pins with the substrate (Fernandes et al., 2010) . The use of microfabricated microwells enables direct positioning of cells onto an existing cell layer, though with limited spatial control (Rosenthal et al., 2007) and efficiency (Khademhosseini et al., 2006) . Thermoresponsive polymers accommodate stacking of layers of cells but only as cell sheets (Yang et al., 2009) . Customized thermal and piezoelectric inkjet printers allow direct printing of cells (Cui et al., 2010) although there are concerns over cell membrane damage, reduced cellular viability, and pattern fidelity. Extrusion of gel-encapsulated cells onto substrates by mechanical means also results in layering of cells but with impaired direct cell-cell contact due to gel encapsulation (Moon et al., 2010) .
We have described a new technique for direct non-contact printing of biomaterials onto a cell monolayer. The method utilizes a polymeric aqueous two-phase system (ATPS) consisting of polyethylene glycol (PEG) and dextran (DEX) as the phase forming polymers (Albertsson, 1986) and allows autonomous dispensing of nanoliters of the DEX phase containing biomaterials of interest onto a monolayer of cells maintained in the immersion PEG phase. We have shown the feasibility of this approach for direct and localized printing of small molecules (Tavana et al., 2009) , specifically liposomal and lentiviral transfection reagents, as well as living cells (Tavana et al., 2010 ) onto a monolayer of cells. This method accommodated a layered co-culture system when the printed cell type was different from the cell monolayer. Gentle and contact-free printing of cells helps retain full viability and functionality of both printing and surface layer cells. Using this technique, we created standalone printed mouse embryonic stem cell (mESC) colonies on a monolayer support PA6 stromal cells and showed that neuronal differentiation of individual colonies significantly enhances with the colony size (Tavana et al., 2010) . Here, we broaden the utility of this microtechnology for simultaneous screening of the role of different feeders and interrogate the fate of overlaid mESCs. The present study offers novel technological and biological findings different from our previous work. Technologically, it enables (i) generating defined size clusters of different feeders over a hydrogel substrate with pre-defined interspacing and (ii) creating distinct stem cell niches comprised of different feeder clusters in the same culture plate. Biologically, it (i) allows selective feeder type-guided fate determination of stem cells, (ii) demonstrates that interspacing between mESC colonies residing on stromal PA6 feeder clusters is an important determinant of neuronal differentiation efficiency of mESCs, and (iii) feedermediated cues are short range and sufficiently local to allow differentiation or maintenance of pluripotency of mESCs on neighboring clusters of different feeders.
To generate a duplex cell microarray, the two cell types are each separately mixed with the DEX phase and the resulting suspensions are transferred into a 1,536-well plate. Slot pins mounted on a fixture are dipped into the wells to load with the cell-containing DEX phase. Pins are slowly withdrawn from the source plate and dipped into a culture plate containing the PEG phase (Fig. 1a) . Due to an extremely low interfacial tension and density difference between the two phases, the denser DEX phase dispenses and forms distinct droplets of cell suspension on the plate (Fig. 1b) . The culture plate is incubated for 3 h to allow cells to adhere to the substrate. The fully aqueous two-phase cell culture media nourish cells during this incubation time and eliminate the need for further media addition that would disturb the printed patterns. After cells attach, the ATPS is washed out and replaced with regular culture media (Fig. 1c) . This process results in uniform size islands of two different cell types with defined interspacing. Figure 2a -c shows a printed a microarray of green and red fluorescently labeled mouse myoblast C2C12 cells in a checkerboard pattern without any cross contamination between cell clusters during the printing process (Fig. 2a) . It is noted the size of cellular islands can increase over time and eventually, the initially interspaced cell clusters will meet. The time for this process depends on the initial size of clusters, their interspacing, and cellular growth rate. With the configuration of Figure 2a , that is, $800 mm diameter of cellular islands and 2.25 mm interspacing, the peripheries of C2C12 clusters meet in about 4-5 days of culture.
In principle, this technique accommodates printing many different cell types on the same substrate in a single step without using immobilized cell adhesion molecules required with microfabrication-mediated cell patterning approaches. Each cell cluster of the microarray was printed using a 200 nL pin, which generated a $800 diameter cell spots. For a printing density of 2.5 Â 10 6 /mL C2C12 cells, each spot contained 255 AE 41 cells. The seeding density, and hence the number of cells per spot, can be adjusted for different cell types depending on the size of cells after they spread. Changing the dispensing pin volume varies the size of the printed cell clusters. Spots as small as 240 mm can be printed using a 20 nL pin (Fig. 2d) .
We utilized this capability to microprint different support cell types over a hydrogel substrate to study the fate of mESCs in heterocellular microenvironments. 1.2 mm spots of PA6 stromal cells and mouse embryonic fibroblasts (MEF) were printed on a porcine gel-coated culture plate with a center-to-center spacing of 4.5 mm (Fig. 3a , left panel), which is equivalent to well-to-well spacing of a 384 microwell plate. After feeder cells spread and formed tight clusters in about 24 h, they were overlaid with mESCs randomly seeded everywhere in the culture plate (Fig. 3a , right panel). The culture system was maintained for 8 days and mESCs proliferated on feeder clusters as well as in spaces outside feeder clusters. Next, mESCs everywhere in the culture plate were examined for the neuron-specific class III b tubulin TuJ1 differentiation marker. The MEF feeder layer supported prolonged undifferentiated state of mESCs without significant expression of the neuronal marker TuJ1 (Fig. 3b and c and Supporting Information Fig. SI-1 ). On the other hand, screening mESC-PA6 co-culture islands showed that mESC colonies stained positive and showed significant neuronal differentiation on PA6 feeder clusters ( Fig. 3b  and d ). Great majority of cells proliferating outside feeder clusters did not show neuronal differentiation marker although we observed few scattered differentiated cells too (noted in Fig. 3b schematics) . This population was not characterized.
Major differences in the morphology of mESCs were also observed on the two types of printed feeder cells. On the MEF cell clusters, mESCs grew and remained as tight colonies for the entire culture period (Fig. 3e and Supporting Information Fig. SI-2a ) whereas significant migration of mESCs to the colony periphery and into the space among the colonies occurred on PA6 spots ( Fig. 3f and Supporting Information Fig. SI-2b ). This observation is in agreement with previous findings that differentiating cells first migrate to the periphery of the colonies (Vazin et al., 2008) and may take place to generate space for extension of neuronal processes. Close scrutiny of the differentiated colonies on PA6 feeder cells showed that extensive processes stretched between adjacent mESC colonies and a large number of thick neurite bundles formed ( Fig. 3g and h) .
Importantly, mESC colonies on MEF support cell clusters in the same culture system with PA6 cells islands remained undifferentiated suggesting that direct mESC-feeder heterocellular contact and short range diffusive soluble factors play a dominant role in dictating the mESC fate. Any lineage commitment inducing factors that support neuronal differentiation of mESC colonies on PA6 spots do not perturb the undifferentiated state of mESCs on MEF clusters. Such conclusions about effects of direct heterocellular interactions and soluble cues on the fate of stem cells would be difficult to reach with separate co-cultures of mESCs with the two support cell types in a microwell plate configuration.
In Figure 3d , multiple small mESC colonies of $100-300 mm in diameter are located within close proximity of one another with spacings of $50-150 mm. The total mESC colony area is 0.15 mm 2 . We quantified the total fluorescent intensity of TuJ1 expression of this and similar configurations of mESC colonies (n ¼ 6) differentiated on PA6 feeder spots as a measure of differentiation efficiency and obtained an average net staining of 8.36 AE 2.03 a.u. for an average multi-colony configuration area of the 0.15 AE 0.03 mm (n ¼ 6). We have previously demonstrated that individual mESC colonies maintained on a PA6 support monolayer show enhanced differentiation efficiency, as measured by TuJ1 expression, with increase in the colony size. Interestingly, the net TuJ1 expression in Figure 3d is almost on the scale of the net fluorescent signal intensity of 10.02 AE 2.17 a.u. resulted from individual mESC colonies of 5.83 AE 0.49 mm 2 on the PA6 feeder (n ¼ 5) (Tavana et al., 2010) . Normalizing the data with respect to total colony area indicates that patterned multiple colonies of Figure 3d yield one order of magnitude increase in the differentiation efficiency. We confirmed the significance of this finding by carrying out a statistical t-test that resulted in a value of P < 0.01. This result suggests that, in addition to the mESC colony size effect demonstrated previously, colony interspacing is a major regulator of mESC differentiation to neurons. While support cells provide necessary differentiation-promoting cues such as cell surface-bound factors or secreted factors secondarily tethered to PA6 cell surface (Kawasaki et al., 2000) , signaling between adjacent mESC colonies significantly enhances the quality of neuronal differentiation. The intercolony signaling is most likely mediated synergistically by several neurite outgrowth promoting factors including endogenous (autocrine) soluble factors (Calabrese, 2008) produced in adjoining ES colonies, exogenous (paracrine) soluble factors secreted by feeder cells (Kawasaki et al., 2000) , and non-neuronal differentiated cells (Roth et al., 2007) within those aggregates.
We evaluated the role of autocrine signaling in differentiation of small, closely positioned mESC colonies of Figure 3d by a finite element modeling of diffusion of endogenous soluble factors in the culture using the following two-dimensional diffusion equation:
Our initial modeling showed the steady-state condition is attained within only 1 h. Since the duration of co-culture is substantially longer (8 days), we performed the simulation under a steady-state condition and modeled the concentration profile across the bottom surface where the colonies are located. In Equation (1), c is the concentration of soluble factors and D % 1 Â 10 À6 cm 2 s À1 is the diffusion coefficient (Hui and Bhatia, 2007) . Each mESC colony was approximated as a circular area. The size and interspacing of colonies were set using configuration in Figure 3d . To set the boundary condition, we determined the distance from the cluster of colonies where the concentration of autocrine factors becomes negligible ($10 À7 times the maximum concentration). This resulted in a distance of 0.5 cm in each direction and thus, a 1 Â 1 cm 2 simulation domain. We compared the distribution of secreted factors from this multicolony configuration with that of an individual standalone mESC colony whose area would be equal to the cumulative area of colonies in Figure 3d . The modeling result and 2D plots of concentration of autocrine factors are shown in Figure 4 . In case of the individual colony, the concentration is highest at the center of the colony, drops toward its periphery, and quickly diminishes away from the periphery (Fig. 4a and b) . This type of autocrine factor gradient may restrict neurons and their processes to the immediate periphery of the mESC colony, significantly limiting neurite development and extension (Fig. 4c) . On the other hand, multiple small colonies exhibit a lower maximum concentration but an asymmetric concentration profile that consists of several local increases in the gradient of concentration in the spacing among the colonies (Fig. 4d and e) . Overlaying the concentration profile and TuJ staining images shows abundance of neuronal extensions where stable concentration gradients exist (Fig. 4f) . We postulate that maintenance of concentration gradients in the case of multi-colony configuration provides guiding cues for the migration and neuronal differentiation of mESCs. Differentiated cells extend neurites mainly toward the inner periphery of the colonies, where colonies face each other, enhancing the development of neuronal processes that stain for TuJ1. Close scrutiny of Fig. 3d and similar differentiated colonies (Supporting Information Fig. SI-3a and c) supports this view. TuJ1 expression levels are highest in areas between mESC colonies and significantly reduce at their outer periphery where the concentration of soluble factors decreases sharply. Analysis of the TuJ expression intensity along the line scan of Figure 4c and f shows that localized TuJ expression correlates well with the corresponding concentration gradient profile ( Fig. 4g and h) . Maintenance of concentration gradient of soluble factors among interspaced colonies also helps regulate the dense network of neuronal processes (Rosoff et al., 2004) . Although the actual concentrations of autocrine factors are not known, this model provides a qualitative explanation that shortrange concentration gradients of endogenous soluble factors in part give rise to differentiation patterns similar to that in Fig. 3d and Supporting Information Fig. SI-3 . We emphasize that in addition to autocrine factors concentration gradient, several other mechanisms synergistically regulate the neuronal differentiation of mESC colonies on stromal support cells.
This aqueous biphasic cell printing technology allows direct and contact-free positioning of multiple cell types onto delicate substrates in a single step. Duplex co-culture of mESCs with MEF and PA6 feeder cells on a hydrogel surface enabled, for the first time, to confirm that the effect of support cell layer is sufficient yet local such that overlaid mESCs either remain undifferentiated or undergo neuronal differentiation according to the underlying support cell type. Interestingly, on differentiation-promoting PA6 cell clusters, mESC colonies interspaced in close proximity of one another show very efficient neuronal differentiation patterns compared to standalone mESC colonies, due in part to concentration gradients of autocrine factors. Overall, this microtechnology is useful to create multiplexed ES cell microenvironments and identify the role of different support cells in guiding the fate decisions of ES cells in a cell and reagent efficient manner. This approach will also benefit various studies where direct heterocellular contact is a major regulator of cellular functions.
Experimental Methods
Preparation of Two-Phase Media, PA6 and MEF Feeder Cell Spots, and Culture of mESCs PEG (2.5% (w/w); M w : 35K, Fluka, St. Louis. MO) and 6.4%(w/w) DEX (M w : 500K, Pharmacosmos, Holbaek, Denmark) solutions were prepared in culture media. Skull bone marrow derived PA6 cells (Riken, Tokyo, Japan) were provided by K. Hiroaki and grown in a-MEM (Invitrogen, Grand Island, NY) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Invitrogen) and 1% antibiotic (Invitrogen). Cells were grown to a desired confluence and mitotically inactived by 10 mg/mL mitomycin C (Sigma, St. Louis, MO) treatment for 2 h. MEF cells, which were also rendered mitotically inactive by cesium irradiation, were received from the University of Michigan Transgenic Core. Cell suspensions were each thoroughly mixed with an equal volume of the DEX phase to a 3.2% concentration. Spots of PA6 and MEF cells were printed from final cell suspension densities of 7.0 Â 10 5 and 1.5 Â 10 6 /mL, respectively, on porcine gel-coated 6-well plates using 500 nL volume dispensing pins. Cells were grown for 24-48 h in above media to spread. Then, a conditioning media consisting of G-MEM (Invitrogen), 10% knockout serum replacement (KSR, Invitrogen), 0.1 mM non-essential amino acids (Invitrogen), 2 mM glutamax (Invitrogen), 1 mM sodium pyruvate (Sigma), and 0.1 mM 2-mercaptoethanol (Sigma) was used to incubate feeder cells at 378C, 5% CO 2 , and 95% humidity overnight before seeding mESCs. mESCs were provided by S. O'Shea. Cells were cultured in 1 mg/mL porcine gel-coated Petri dishes using G-MEM with 10% KSR, 1% FBS, 0.1 mM non-essential amino acids, 1 mM sodium pyruvate, 0.1 mM 2-mercaptoethanol, and 2 Â 10 3 U/mL leukemia inhibitory factor (LIF, Millipore, Billerica, MA). mESCs were seeded at a density of 8,000 cells per each well of a 6-well plate containing the printed spots of PA6 and MEF (day 0). mESCs were cultured for eight more days to form colonies from single cells. Culture media was changed on day 4 and then every other day.
Immunofluorescence, Imaging, and Image Analysis
At day 8 of culture, mESC colonies were fixed in À208C methanol for 6 min, washed three times with PBS and twice with PBS containing 5% BSA as the blocking reagent. The primary antibody rabbit neuronal class III-b-tubulin (TuJ1) mAb (Covance, Princeton, NJ) was diluted in PBS/5% BSA at a concentration of 1 mg/mL and added to fixed cells for 1 h at room temperature. After washing, the primary antibody was visualized with fluorescently labeled goat anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA) at a concentration of 3 mg/mL and incubated for 1 h. Then cells were washed three times with PBS. We imaged cells using an inverted fluorescence microscope (Nikon, Melville, NY, TE300). We used SimplePCI (Compix, Irvine, CA) to measure fluorescence intensity and the area of differentiated mESC colonies.
